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Abstract 

Cell is the structural and functional unit of life. This 
Resource Letter serves as a guide to the literature 
on nano-machines which drive not only intracellu- 
lar movements, but also motility of the cell. These 
machines are usually proteins or macromolecular as- 
semblies which require appropriate fuel for their op- 
erations. Although, traditionally, these machines 
were subjects of investigation in biology and biochem- 
istry, increasing use of the concepts and techniques of 
physics in recent years have contributed to the quan- 
titative understanding of the fundamental principles 
underlying their operational mechanisms. The pos- 
sibility of exploiting these principles for the design 
and control of artificial nano-machines has opened up 
a new frontier in the bottom-up approach to nano- 
technology. 

Some are to he read, some to be studied, and 
some may he neglected entirely, not only without 
detriment, hut with advantage. - Anonymous 



motility at the level of macroscopically large organ- 
isms are the main topics of investigation in biome- 
chanics and insights gained from these investigations 
find applications, for example, in robotics. Not only 
animals, but even plants also move in response to 
external stimuli. Results of pioneering systematic 
study of this phenomenon were reported already in 
the nineteenth century by Charles Darwin in a classic 
book, titled The power of movement in plants, which 
was co-authored by his son. 

In living systems, movements take place at all lev- 
els of biological organization- from molecular move- 
ments at the subcellular levels and cellular move- 
ments to movements of organs and organ systems. 
However, in this article, we focus exclusively on the 
molecular mechanisms of motility at the level of single 
cells (both unicellular organisms and individual cells 
of multicellular organisms) and those at the subcel- 
lular level. 

1. L. Chong, E. Culotta and A. Sugden, On the 
move, Science 288, 79 (2000). 



1 Introduction 

Motility is the hallmark of life. From the sprinting 
leopard to flying birds and swimming fish, movement 
is one of life's central attributes. The mechanisms of 



2. A.C. Leopold and M.J. Jaffe, Many modes of 
movement, Science 288, 2131-2132 (2000). 

3. D.W. Maughan and J.O. Vigoreaux, An inte- 
grated view of insect flight muscle: genes, mo- 
tor molecules, and motion, News Physiol. Sci. 
14. 87-92 (1999). 



1.1 Cell movements: moleculcir mech- 
anisms of motility 

Antonie van Leeuwenhoek made the first systematic 
study of the motility of unicellular microorganisms 
using his primitive microscope. Since then, over the 
last three centuries, swimming, crawling, gliding and 
twitching of single cells have fascinated generations 
of biologists. However, investigation of the molecu- 
lar mechanisms of cellular motility began only a few 
decades ago. The motility of a cell is the outcome 
of the coordination of many intracellular dynamical 
processes. Interestingly, intracellular movements also 
drive motility and division of the cell itself. We'll 
present a systematic list of these developments from 
the perspective of physicists. 

4. H.C. Berg, E. coli in Motion, (Springer, 2003). 

5. D. Bray, Cell Movements: from molecules to 
motility (Garland Publishig, Taylor and Fran- 
cis, 2001). 

6. D.A. Fletcher and J. A. Theriot, An introduc- 
tion to cell motility for the physical scientist, 
Phys. Biol. 1, Tl-TlO (2004). 

1.2 Intracellulcir movements: ma- 
chines and mechanisms 

"Nature, in order to carry out the marvelous opera- 
tions in animals and plants, has been pleased to con- 
struct their organized bodies with a very large number 
of machines, which are of necessity made up of ex- 
tremely minute parts so shaped and situated, such as 
to form a marvelous organ, the composition of which 
are usually invisible to the naked eye, without the aid 
of the microscope". 

Marcelo Malpighi, 17th century (as quoted by Marco 
Piccolino, Nat. Rev. Mol. Cell Biol. 1, 149-153 
(2000)). 

Imagine an under water "metro city" which is, 
however, only about 10/xm long in each direction! In 
this city, there are "highways" and "railroad" tracks 
on which motorized "vehicles" transport cargo to var- 
ious destinations. It has an elaborate mechanism of 
preserving the integrity of the chemically encoded 



blueprint of the construction and maintenance of the 
city. The "factories" not only supply their prod- 
ucts for the construction and repair works, but also 
manufacture the components of the machines. This 
eco-friendly city re-charges spent "chemical fuel" in 
uniquely designed "power plants" . This city also uses 
a few "alternative energy" sources in some opera- 
tions. Finally, it has special "waste-disposal plants" 
which degrade waste into products that are recycled 
as raw materials for fresh synthesis. This is not the 
plot of a science fiction, but a dramatized picture of 
the dynamic interior of a cell. 

In an influential paper, published in 1998, Bruce 
Alberts emphasized that "the entire cell can be 
viewed as a factory that contains an elaborate 
network of interlocking assembly lines, each of which 
is composed of a set of large protein machines". 
Just like their macroscopic counterparts, molecu- 
lar machines have an "engine" , an input and an 
output. Some of these machines are analogous 
to motors whereas some others are like pumps; 
both linear and rotary motors have been identified. 
Some motors move on protein filaments whereas oth- 
ers move on nucleic acid strands (i.e., DNA or RNA). 

7. M. Piccolino, Biological machines: from mills 
to molecules, Nature Rev. Mol. Cell Biol. 1, 
149-153 (2000). 

8. C. Mavroidis, A. Dubey and M.L. Yarmush, 
Molecular Machines, in: Annual Rev. Biomed. 
Engg., 6, 363-395 (2004). 

9. T.D. Pollard, Proteins as machines. Nature 
355, 17-18 (1992). 

10. B. Alberts and R. Aliake-Lyc, Unscrambling the 
puzzle of biological machines: the importance of 
the details. Cell, 68, 415-420 (1992). 

11. B. Alberts, The cell as a collection of pro- 
tein machines: preparing the next generation of 
molecular biologists, Cell 92(3), 291-294 (1998). 

12. A. Baumgartner, Biomolecular machines, in: 
Handbook of Theoretical and Computational 
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Nanotechnology, cds. M. Ricth and W. Schom- 
mers (American Scientific Publishers, 2005). 

"Where bacillus lives, gravitation is forgotten, and 
the viscosity of the liquid, the resistance defined by 
Stokes' law, the molecular shocks of the Brownian 
movement, doubtless also the electric charges of the 
ionized medium, make up the physical environment 
and have their potent and immediate influence on 
the organism. The predominant factors are no longer 
those of our scale; we have come to the edge of a 
world of which we have no experience, and where all 
our preconceptions must be recast". 
- D'Arcy Thompson, in On Growth and Form, vol.1 
reprinted 2nd edition (Cambridge University Press, 
1963). 

In spite of the striking similarities, it is the differ- 
ences between molecular machines and their macro- 
scopic counterparts that makes the studies of these 
systems so interesting from the perspective of physi- 
cists. Biomolecular machines arc visually protein or 
macromolecular complex. These operate in a domain 
far from thermodynamic equilibrium where the ap- 
propriate units of length, time, force and energy are, 
nano-meter, millisecond, pico-Newton and fc^T, re- 
spectively {ks being the Boltzmann constant and T 
is the absolute temperature). The viscous forces and 
random thermal forces on a nano-machine dominate 
over the inertial forces. These are made of soft mat- 
ter and are driven by "isothermal" engines. Molecu- 
lar motors can convert chemical energy directly into 
mechanical energy. 

13. D'Arcy Thompson, On Growth and Form, vol.1 
reprintc;(l 2nd edition (Cambridge University 
Press, 1963). 

1.3 Outline of organization 

We divide the intracellular molecular cargoes into 
three different types: (i) membrane-bound cargoes, 
e.g., vesicles and organelles; (ii) macromolecules, e.g., 
DNA, RNA and proteins; (iii) medium-size organic 
molecules and small inorganic ions. In part I we study 
motor proteins which transport the membrane-bound 



cargoes. In part II wc consider all those machines 
which are involved in the synthesis, export /import, 
packaging, other kinds of manipulations and degra- 
dation of the macromolecules. In part III we focus 
on machines which transport medium-size organic 
molecules and small inorganic ions across plasma 
membrane or internal membranes of cukaryotic cells: 
transporters of ions are usually referred to as pumps 
because ions are transported against their natural 
electro-chemical gradients. Finally, in part IV we 
present machines and mechanisms which drive cell 
motility and cell division. 

Based on the nature of input and output energies, 
machines can be classified. For example, the motor of 
hair dryer is an electro-mechanical machine. But, in 
this article we'll not consider purely chcmo-chcmical 
machines although some of these perform important 
biological functions. 

14. J. Howard, Mechanics of motor proteins and the 
cytoskeleton, (Sinauer Associates, Sunderland, 
2001) . 

15. M. Schliwa, (ed.) Molecular Motors, (Wiley- 
VCH, 2003). 

16. D. D. Hackney and F. Tanamoi, The Enzymes, 
vol. XXIII Energy Goupling and Molecular Mo- 
tors (Elsevier, 2004). 

17. J.M. Squire and D.A.D. Parry, Fibrous pro- 
teins: muscle and molecular motors, (Elsevier 
2005). 

18. A.B. Kolomeisky and M.E. Fisher, Molecular 
motors: a theorist's perspective, Annu. Rev. 
Phys. Chem. 58, 675-695 (2007). 

19. J. Howard, Molecular mechanics of cells and 
tissues, Cellular and Molecular Bioengineering 
1, 24-32 (2008). 

1.4 Criteria for selection 

We have used the following guidelines for selection 
of papers for this resource letter: 
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(i) To our knowledge, at present, there is no single 
book where a reader can find a comprehensive cov- 
erage of all the molecular machines. Therefore, in 
this resource letter, we list monographs and edited 
collections of reviews on specific machines and mech- 
anisms. 

(ii) Review articles visually provide a critical overview 
of progress in an area of research and, normally, re- 
main useful to both beginners as well as experts for a 
relatively longer period of time as compared to origi- 
nal papers. Therefore, in this resource letter, review 
articles guide the reader through the enormous liter- 
ature on experimental works on molecular machines. 
Occasionally, we also list original experimental pa- 
pers; most of these are either classic or too recent to 
be discussed in any review article, or introduce new 
models. 

(iii) Since the emphasis of this resource letter is on 

quantitative models of mechanisms of molecular ma- 
chines, many original papers on theoretical works 
have been listed together with the review articles. 

(iv) Results of fundamental research on the structure 
and function of molecular machines not only have 
important biomedical implications but may also find 
practical applications in bottom-up approach to de- 
signing and manufacturing artificial nano-machines. 
Therefore, papers on bio-nanotechnology which sat- 
isfy the criteria (ii) or (iii) above have also been listed. 

(v) Unpublished manuscripts (including those posted 
in public domain archives) have not been listed. But, 
the final version of some Ph.D. theses have been in- 
cluded because these provide technical details which 
are not available in the papers published elsewhere 
by the author. 



2) "Trends" scries (e.g., Trends in Cell Biology). 

3) "Current Opinion" series (e.g.. Current Opinion 
in Structural Biology). 

4) Biocssays, 

5) "Nature Reviews" series (e.g., Nature Reviews in 
Microbiology) . 

6) Nature, 

7) Nature Cell Biology, 

8) Nature Structural and Molecular Biology, 

9) Science, 

10) Proceedings of the National Academy of Sci- 
ences, USA, (PNAS), 



Cell, 

Molecular Cell, 

Current Biology. 

Journal of Molecular Biology, 

Journl of Cell Biology, 

Journal of Biological Chemistry, 

Biophysical Journal, 

Physical Review Letters, 

Physical Review E, 

Physical Biology, 

Europhysics Letters, 

European Physical Journal E. 

EMBO Reports, 

EMBO Journal, 

European Biophysical Journal. 



Experimental techniques for 
studying operational mecha- 
nisms of molecular machines 



1.5 List of review series and journals 

In this multidisciplinary area of research, articles 
appear in journals that cover physics, chemistry, 
biology and (nano-)technology. Wc list here only 
a few major sources for review articles as well as 
original papers. But, this list is neither exhautive 
nor in the order of any ranking. 

(1) "Annual Review" Series (e.g. Annual Reviews 
of Biophysics and Biomolecular Structure). 



"The most profound scientific revolutions are those 
that provide an entirely new way of viewing and 
studying a field. These are the ones that provoke new 
questions and question old answers and in the end 
give us a new understanding of what we thought we 
understood. Often they are occasioned by the inven- 
tion of novel instruments of techniques; the telescope, 
the microscope, and X-ray diffraction come to mind. 
It may be that such a revolution is occurring in bio- 
chemistry today through the development of methods 
that allow us to investigate the dynamics of single 
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macromolecules in real time. "- K.E. van Holde, J. 
Biol. Chem. 274, 14515 (1999). 

Seeing is believing. Telescopes opened up the ce- 
lestial world in front of our eyes. The invention 
of the optical microscopes in the seventeenth cen- 
tury made it possible to have a glimpse of the world 
of micro-organisms (bacteria, etc.). But these mi- 
crobes are typically micron-size objects; it would be 
ideal if we could have "nanoscopes" for seeing nano- 
machines. In addition to the requirement of high 
spatial resolution, such nanoscopes should also have 
sufficiently high temporal speed so that the dynam- 
ics of the nano-machines can be monitored under the 
nanoscope. 

But, it is impossible to see a molecule directly un- 
der an optical microscope of conventional design be- 
cause nature has imposed a limit on the resolution 
that can be acheived with these optical instruments. 
This fundamental limit on the resolution is a conse- 
quence of the wave nature of light and it depends on 
the wavelength of the radiation used for observation. 

But, optical microscopes merely enhance the power 
of our visionary perception. Therefore, in principle, 
it should be possible to achieve higher resolution if X- 
rays or 7-rays are used for imaging although we can 
no Inger use our eyes as dectector for these probes. 
Moreover, vision is only one of the several sensory 
perceptions humans possess. A blind person can con- 
struct a mental image of an object by running his fin- 
gers along the contours of the object. Furthermore, 
in principle, it is possible to reconstruct the shape of 
an object, without seeing or touching it, by throwing 
balls at it from all sides and, then, analyzing the way 
the balls are scattered by the object. 

2.1 Ensemble-averaged techniques 

•X-ray crystallography and electron mi- 
croscopy 

The basic principle of X-ray scattering for the de- 
termination of the strcture of macromolecules is as 
follows: an atomic constituent of the macromolecule 
absorbs some energy of the X-ray incident on it and 
then re-radiates the same in all directions. A protein 
crystal has a periodic array of identical atoms. The 
X-rays re-radiated by these atoms interfere construc- 



tively in some directions whereas they interfere de- 
structively in all the other directions. Therefore, the 
detectors record a "pattern" in the intensity of X-ray 
scattered by the protein crystal sample. But, such a 
"diffraction pattern" provides an indirect, and static, 
image of a molecular machine. However, microscopes 
(optical as well as electron) have some advantages 
over the X-ray scattering technique: microscopes pro- 
duce the images directly in real space whereas X-ray 
diffraction requires Fourier transform from momen- 
tum space to real space. 

The deBroglie wavelength associated with a ma- 
terial particle is given by A = h/p where p is the 
momentum of the particle. A sufficiently high res- 
olution microscope can be constructed if a charged 
particle is selected and it is accelerated to the re- 
quired momentum by applying an external electric 
field. Electrons are most convenient for this purpose; 
an electron beam can be easily bent and focussed us- 
ing a suitable magnetic field configuration. Electron 
microscopy is one of the most powerful experimen- 
tal techniques for determination of the structures of 
molecular machines. In spite of all the technological 
advances in electron microscopy, it is still lot more 
cumbersome to use than an optical microscope. In 
an optical microscope, the sample does not require 
as elaborate preparation as in an electron microscope. 
Besides, the intense beam of electrons often damage 
or destroy the sample itself. Moreover, image ob- 
tained from an electron microscope requires special 
expertise to interpret. Furthermore, the generation 
and control of the electro-magnetic fields makes the 
electrom microscope costly as well as much less user 
friendly than optical microscopes. 

20. J. Frank, Three-dimensional electron mi- 
croscopy of macromolecular assemblies, (Aca- 
demic Press, 1996). 

21. E. Nogales and N. Grigorieff, Molecular ma- 
chines: putting the pieces together, J. Cell Biol. 
152, Fl-FlO (2001). 

22. A.J. Koster and J. Klumperman, Electron mi- 
croscopy in cell biology: integrating structure 
and function, Nat. Rev. Mol. Cell Biol. 4, SS6- 
SSIO (2003). 
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23. V. Lucie, F. Forstcr and W. Baumcistcr, Struc- 
tural studies by electron tomography: from cells 
to molecules, Annu. Rev. Biochem. 74, 833-865 
(2005). 

24. W. Chiu, M.L. Baker, W. Jiang, M. Dougherty 
and M.F. Schmidt, Electron cryomicroscopy of 
biological machines at subnanometer resolution, 
Structure 13, 363-372 (2005). 

25. W. Chiu, M.L. Baker and S.C. Almo, Structural 
biology of cellular machines. Trends Cell Biol. 
16, 144-150 (2006). 

26. M. Rossmann, M.C. Morals, P.G. Leiman and 
W. Zhang, Combining X-ray crystallography 
and electron microscopy, Strcture 13, 355-362 
(2005). 

27. G.J. Jensen and A. Bricgel, How electron cry- 
otomography is opening a new window onto 
prokaryotic ultrastructure, Curr. Opin. Struct. 
Biol. 17, 260-267 (2007). 

28. A. Hoenger and D. Nicastro, Electron mi- 
croscopy of microtubule-based cytoskeletal ma- 
chinery, Methods in Cell Biol. 79, 437-462 
(2007). 

29. L. Wang and F.J. Sigworth, Cryo-EM and sin- 
gle particles. Physiology 21, 13-18 (2006). 

2.2 Single- molecule techniques 

We got our first glimpse of the macromolecules via X- 

ray diffraction and, then, electron microscopy. But, 
what one got from those probes were static pictures. 
Moreover, most of the traditional old experimental 
techniques of biophysics relied on collection of data 
for a large collection of molecules and thereby get- 
ting their ensemble-averaged properties. The am- 
plification of the signals caused by the presence of 
large number of such molecules makes it easier to de- 
tect and collect the data. The average value of a 
variable is valuable information. There are practical 
limitations of the bulk measurements in the specific 
context of understanding the operational mechanisms 
of cyclic molecular machines because it is practically 



impossible to synchronize their cycles. The recently 
developed single-molecule techniques can be broadly 
classified into two groups: (i) methods of imaging, 
and (ii) methods of manipulation. 

30. J. Zlatanova and K. van Holde, Single-molecule 
biology: what is it and how does it work?, Mol. 
Cell 24, 317-329 (2006). 

31. P.V. Cornish and T. Ha, A survey of single- 
molecule techniques in chemical biology, ACS 
chemical biology, 2, 53-61 (2007). 

• Techniques of single-molecule imaging 

For visualization of the conformational changes or 
movements of the molecule under investigation in a 
single molecule experiment, a prior attachment of a 
label to the molecule is essential. Based on these la- 
bels, the single molecule imaging of molecular motors 
can be divided into two groups: (i) techniques where 
the label is a relatively large light-scattering object 
(for example, a dielectric bead of 1 micron diameter); 
and (ii) techniques where the label itself emits light 
(e.g., a fluorophore) . Fluorescence microscopy pro- 
vided a glimpse (howsoever hazy) of single molecules. 
Imaging a fluorescently labelled molecular motor in 
real time enables us to study its dynamics jnst as 
ecologists use "radio collars" to track individual ani- 
mals. 

32. R.Y. Tsien, Imagining imaging 's future, Nat. 
Rev. Mol. Cell Biol. 4, SS16-SS21 (2003). 

33. J.W. Lichtman and J. A. Conchello, Fluores- 
cence microscopy, Nat. Methods 2, 910-919 
(2005). 

34. Y. Garini, B.J. Vermolen and I.T. Young, 
From micro to nano: recent advances in high- 
resolution microscopy, Curr. Opin. Biotechnol. 
16, 3-12 (2005). 

35. W.E. Moerner, A dozen years of single-molecule 
spectroscopy in physics, chemistry and bio- 
physics, J. Phys.Chem. B 106, 910-927 (2002). 

36. W.E. Moerner and D.P. Promm, Methods of 
single-molecule fluorescence spectroscopy and 
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microscopy, Rev. Sci. Instr. 74, 3597-3619 

(2003). 

37. E.J.G. Peterman, H. Sosa and W.E. Mo- 
erner, Single-molecule flurescence spectroscopy 
and microscopy of biomolecular motors, Annu. 
Rev. Phys. Chem. 55, 79-96 (2004). 

38. W.E. Mocrncr, New directions in single- 
molecule imaging and analysis, PNAS 104, 
12596-12602 (2007). 

39. X. Michalet and S. Weiss, Single-molecule spec- 
troscopy and microscopy, C.R. Physique 3, 619- 
644 (2002). 

40. X. Michalet, A.N. Kapanidis, T. Laurence, F. 
Pinaud, S. Doose, M. Pflughocfft and S. Weiss, 
The power and prospects of fluorescence micro- 
scopies and spectroscopies, Annu. Rev. Biophys. 
Biomol. Struct. 32, 161-182 (2003). 

41. S.W. HeU, Towards fluorescence nanoscopy, 
Nat. Biotechnol. 21, 1347-1355 (2004). 

42. D.J. Stephens and V.J. Allan, Light microscopy 
techniques for live cell imaging. Science 300, 
82-86 (2005). 

43. Y. Ishii and T. Yanagida, How single molecule 
detection measures the dynamic actions of life, 
HFSP journal, 1, 15-29 (2007). 

44. E. Toprak and P.R. Selvin, New fluorescent 

tools for watching nanometer-scale conforma- 
tional changes of single molecules, Annu. Rev. 
Biophys. Biomol. Struct. 36, 349-369 (2007). 

45. H. Park, E. Toprak and P.R. Sclvin, Single 
molecule fluorescence to study m,olecular mo- 
tors, Q. Rev. Biophys. 40, 87-111 (2007). 

46. C. Jog, H. Balci, Y. Ishitsuka, C. Buranachai 
and T. Ha, Advances in single-molecule fluo- 
rescence methods for molecular biology, Annu. 
Rev. Biochem. 77, 51-76 (2008). 

• Techniques of single-molecule manipula- 
tion: tweezers and AFM 



Let us also not forget that experiments arc also car- 
ried out with molecular machines to undestand their 
mechanisms; such experients should answer questions 
like "what if...". Such controlled experiments would 
need some means of manipulating the nanomachines 
of life. The mechanical transducers like, for exam- 
ple, cantilevers of scanning force microscopes (SFM) 
and microneedles, require physical contact with the 
biomolecule. In contrast, manipulators that utilize 
electromagnetic fields do not require any contact 
forces. 

The operation of optical tweezers is based on a 

very simple physical principle. Photons arc mass- 
less (more precisely, rest mass is zero), but have mo- 
mentum. Photons are capable of exerting very weak 
force called radiation pressure in the terminology of 
classical physics. Utilizing this property of photons 
(or, equivalently, electromagnetic radiation) in a laser 
beam with high, but inhomogcneous, intensity, it has 
been posible to trap dielectric particles (e.g., a latex 
bead) at the focal point of the beam. When a mo- 
tor attached to such a bead walks on its filamentary 
track, the laser trap pulls it back thereby applying a 
load force on the motor. 

In magnetic tweezers, the macromoleculc is at- 
tached between a surface and a superparamagnetic 
bead. Stretching force can be applied on the macro- 
moleculc by controlled alterations of the external 
magnetic field. A major advantage of the magnetic 
tweezer is that the same set up can be used also to 
apply torque on the molecule by merely rotating the 
magnetic field. 

47. J.M. Imhof and D.A. vanden Bout, Resource 
Letter: LBMOM-1: Laser-based modem optical 
microscopy, Amer. J. Phys. 71, 429-436 (2003). 

48. M.J. Lang and S.M. Block, Resource Letter: 
LBOT-1: Laser-based optical tweezers, Amer. 
J. Phys. 71, 201-215 (2003). 

49. D.C. Appleyard, K.Y. Vandermculcn. H. Lee 
and M.J. Lang, Optical trapping for undergrad- 
uates, Amer. J. Phys. 75, 5-14 (2007). 

50. T. Strick, J.F. Allemand, V. Croquette and 
D. Bensimon, The manipulation of single 
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biomolecules, Phys. Today, October (2001) p. 
46-51. 

51. J.E. MoUoy and M.J. Padgett, Lights, action: 
optical tweezers, Contemp.Phys. 43, 241-258 

(2002) . 

52. C. Bustamante, J.C. Macosko and G.J.L. 

Wuite, Grabbing the cat by the tail: manipu- 
lating molecules one by one, Nature Rev. Mol. 
Cell Biol. 1, 130-136 (2000). 

53. J.R. Moffitt, Y.R. Chemla, S.B. Smith and C. 

Bustamante, Recent advances in optical tiueez- 
ers, Annu. Rev. Biochem. 77, 205-228 (2008). 

54. K. Svoboda and S.M. Block, Biological appli- 
cations of optical forces, Annu. Rev. Biophys. 
Biomol. Str. 23, 247-285 (1994). 

55. K.C. Neuman and S.M. Block, Optical trapping. 
Rev. Sci. Instr. 75, 2787-2809 (2004). 

56. W. J. Greenleaf, M.T. Woodside and S.M. 
Block, High-resolution, single-molecule mea- 
surements of biomolecular motion, Annu. Rev. 
Biophys. Biomol. Str. 36, 171-190 (2007). 

57. D.G. Grier, A revolution in optical manipula- 
tion. Nature, 424, 810-816 (2003). 

58. A. Ashkin, Optical trapping and manipulation 
of neutral prticles using lasers, PNAS 94, 4853- 
4860 (1997). 

59. A. Ashkin, History of optical trapping and ma- 
nipulation of small-neutral particle, atoms and 
molecules, IEEE J. on Selected Topics in Quan- 
tum Electronics, 6, 841-856 (2000). 

60. B.G. Hosu, J. Jacob, P. Banki, F.I. Toth and 
G. Forgacs, Magnetic tweezers for intracellu- 
lar applications, Rev. Sci. Instr. 74, 4158-4163 

(2003) . 

61. J.T. Finer, R.M. Simmons and J. A. Spudich, 
Single myosin molecule mechanics: piconewton 
forces and nanometer steps, Nature 368, 113- 
119 (1994). 



62. A.D. Mehta, M. Ricf and J. A. Spudich, Biome- 
chanics, one molecule at a time, J. Biol. Chem. 
274, 14517-14520 (1999). 

63. A.D. Mehta, M. Rief, J.A. Spudich, D.A. Smith 
and R.M. Simmons, Single-molecule biome- 
chanics with optical methods. Science 283, 
1689-1695 (1999). 

64. M.D. Wang, Manipulation of single molecules 
in biology, Curr. Opin. in Biotechnol. 10, 81-86 
(1999). 

2.3 Experimental model systems 

From the c^'olutionary point of view, cells can be 
broadly divided into two categories, viz., prokary- 
otes and eukaryotes. Most of the common bacteria 
(like, for example, Escherichia Coli and Salmonella) 
are prokaryotes. Animals, plants and fungi are col- 
lectivelly called eukaryotes. The main difference be- 
tween prokaryotic and eukaryotic cells lies in their 
internal architectures; the main distinct feature of 
eukaryotic cells is the cell nucleus where the genetic 
materials are stored. The prokaryotes are mainly uni- 
cellular organisms. The eukaryotes which emerged 
first through Darwinian evolution of prokaryotes were 
also uni-cellular; multi-cellular eukaryotes appeared 
much later. 

In biology, often the simplest among a family of 
objects is called a model system for the purpose of 
experimental investigations. 

• Model eukaryotes: 

The most popular model animals for biological 
studies are as follows: (i) the fruit fly Drosophila 
melanogaster, a model insect, (ii) Caenorhabditis ele- 
gans (C-elegans), a transparent worm, (iii) the zebra 
fish danio rerio, a model vertebrate; (iv) the mouse, 
however, is more important for practical use of cell 
biology in medical sciences. Arabidopsis thaliana is 
the most popular model plant while Chlamydomonas 
reinhardtii is a model of green algae. Saccharomyces 
cerevisiae (Baker's yeast) and Schizosaccharomyces 
pombe (Fission yeast) are most widely used models 
for fungi. However, for studying filamentous fungi. 
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Neospora crassa is used most often as a model system. 

• Model prokaryotes: 

Bacteria arc divided into two separate groups on 
the basis of their response to a staining test in- 
vented by Hans Christian Gram. Those which re- 
spond positively are called Gram-positive bacteria 
whereas those whose response is negative are called 
Gram-negative. One of the main differences between 
these two groups of bacteria is the nature of the cell 
wall. 

The commonly used models for Gram-positive 
bacteria are Bacillus subtilis, Listeria monocyto- 
genes, etc. The bacterium Escherichia coli (E-coli), 
which is normally found in the colon of humans and 
other mammals, and the bacterium Salmonella, are 
the most extensively used model for Gram-negative 
bacteria. Another prominent member of the group 
of Gram-negative bacteria is Proteus mirabilis. 

• Model viruses and bacteriophages: 

Human immunodeficiency virus (HIV) is the most 
dreaded among the viruses that can infect homo sapi- 
ens (humans). Among the other viruses which can 
infect eukaryotes are Tobacco mosaic virus , etc. Bac- 
teriophages are also viruses, but these infect prokary- 
otes. T-odd (e.g., T7) and T-even (e.g., T4) bacterio- 
phages, phage A, 4>29, etc. are some of the extensively 
used model bacteriophages. 

65. E.M. Meyerowitz, Prehistory and history of 
Arabidopsis research, Plant Physiol. 125, 15-19 
(2001). 

66. E.H. Harris, Chlamydomonas as a model organ- 
ism, Annu. Rev. Plant Physiol, and Plant Mol. 
Biol. 52, 363-406 (2001). 

67. R.H. Davis and D.D. Perkins, Neurospora: a 
model of m,odel microbes, Nat. Rev. Genetics, 
3, 7-13 (2002). 

68. I.J. van der Klei and M. Veenhuis, Yeast and 
filamentous fungi as model organisms in micro- 
body research, Biochim. Biophys. Acta 1763, 
1364-1373 (2006). 



69. M.A. Sleigh, The biology of protozoa (Edward 
Arnol, London, 1973). 

70. K.B.G. Scholthof, Tobacco mosaic virus: a 
model system for plant biology, Annu. Rev. Phy- 
topathology, 42, 13-34 (2004). 

71. B.D. Harrison and T.M.A. Wilson, Milestones 
in the research on tobacco mosaic virus, Phil. 
Trans. Roy. Soc. Lond. B 354, 521-529 (1999). 

72. A.L. Wang and C.C. Wang, Viruses of the 
protozoa, Annu. Rev. Microbiol. 45, 251-263 
(1991). 

73. H.W. Ackermann and H.M. Krisch, A catalogue 
of T4-type bacteriophages. Arch. Virol. 142, 
2329-2345 (1997). 

74. P.G. Leiman, S. Kanamaru, V.V. Mesyanzhi- 
nov, F. Arisaka and M.G. Rossmann, Structure 

and morphogenesis of bacteriophage T^., Cell. 
Mol. Life Sci. 60, 2356-2370 (2003). 

75. V.V. Mesyanzhinov, P.G. Leiman, V.A. 
Kostyuchenko, L.P. Kurochkina, K.A. Mirosh- 
nikov, N.N. Sykilinda and M.M. Shnei- 

der, Molecular architecture of bacteriophage 
T4, Biochemistry (Moscow), (translated from 
Biokhimiya), 69, 1190-1202 (2004). 

76. E.S. Miller, E. Kutter, G. Mosig, F. Arisaka, 
T. Kunisawa and W. Riiger, Bacteriophage T4 
genome, Microbiol. Mol. Biol. Rev. 67, 86-156 
(2003). 

77. M.E. Gottesman and R.A. Weisberg, Little 
lambda, who made thee?, Microbio. Mol. Biol. 
Rev. 68, 796-813 (2004). 

78. W.J.J. Meijer, J.A. Horcajadas and M. Salas, 
4>29 family of phages, Microbiol. Mol. Biol. Rev. 
65, 261-287 (2001). 
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3 Techniques for theoretical 
modeling of molecular ma- 
chines 

Theory provides understanding and insight. These 
allow us not only to interpret the empirical obser- 
vations and recognize the importance of the various 
ingredients but also to generalize, to create a frame- 
work for addressing the next level of question and 
to make predictions which can be tested in in- vivo/ 
in- vitro or in-silico experiments. 

Theorization requires a model of the system. A 
theoretical model is an abstract representation of the 
real system which helps in understanding the real 
system. This representation can be pictorial (for ex- 
ample, in terms of cartoons or graphs) or symbolical 
(e.g., a mathematical model). Qualitative predictions 
may be adequate for understanding some complex 
phenomena or for ruling out some plausible scenar- 
ios. But, a desirable feature of any theoretical model 
is that it should make quantitative predictions. The 
predictions of a theory, at least in principle, can be 
tested by in- vitro and/or in- vivo experiments in the 
laboratory. 

The predictions of a mathematical model can be 
derived analytically in terms of abstract symbols; for 
specific sets of values of the model parameters, the 
predictions can be shown numerically or graphically. 
The predictions of a theoretical model can be ob- 
tained numerically by carrying out computer simula- 
tions (i.e., in-silico experiments) of the model. Thus, 
simulation is not synonymous with modeling. When 
a model is too complicated to be formulated in ab- 
stract notations and to be treated analytically, it is 
called a computer model of the system. Since fully 
analytical treatment of a model can be accomplished 
exactly only in rare cases, one has to make sensi- 
ble approximations so as to get results as accurate 
as possible. Simulation of a model also tests the va- 
lidity of the approximations made in the analytical 
treatments of the model. We should also make a 
distinction between the two different "computational 
methods" , namely, (i) computer simulations which, 
as we have mentioned above, test hypotheses; and 
(ii) Knowledge discovery (or, data mining) which ex- 



tracts hidden patterns or laws from huge quantities 
of experimental data, forming hypotheses. 

A model can be formulated at different physical 
or logical levels of resolution. The physical reso- 
lution can be spatial resolution or temporal resolu- 
tion. Every theoretical model is intended to address 
a set of questions. The modeler must choose a level 
of description appropriate for this purpose keeping 
in mind the phenomena that are subject of the in- 
vestigation. Otherwise, the model may have either 
too much redundant details or it may be too coarse 
to provide any useful insight. Since physicists most 
often focus only on generic features of the various 
classes of machines, rather than specific features of 
individual members of these classes, they normally 
develop minimal models which may be regarded as 
mesoscopic, rather than molecular, i.e., their status 
in somewhere in between those of the macroscopic 
and molecular models. 

79. A. Mogilncr, R. Wollman and W.F. Marshall, 

QuantitaMve modeling in cell biology: what is 
it good for?, Developmental Cell 11, 279-287 
(2006). 

3.1 Mechanics of moleculcir machines: 
noisy power stroke versus Brown- 
ian ratchet 

If the input energy directly causes a conformational 
change of the protein machiney which manifests it- 
self a mechanical stroke of the machine, the op- 
eration of the machine is said to be driven by a 
"power stroke" mechanism. This is also the mech- 
anism used by all man made macroscopic machines. 
Let us contrast this with the following alternative 
scenario: suppose, the machine exihibits "forward" 
and "backward" movements because of spontaneous 
thermal fluctuations. If now energy input is uti- 
lized to prevent "backward" movements, but allow 
the "forward" movements, the system will exhibit di- 
rected, albeit noisy, movement in the "forward" direc- 
tion. Note that the forward movements in this case 
are caused directly by the spontaneous thermal fluc- 
tuations, the input energy rectifies the "backward" 
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movements. This alternative scenario is called the 
Brownian ratchet mechanism. 

80. R.D. Vale and F. Oosawa, Protein motors 
and Maxwell's demons: does mechanochemical 
transduction involve a thermal ratchet?, Adv. 
Biophys. 26, 97-134 (1990). 

81. R.D. Astumian, Making molecules into motors, 
Sci. Am. 285, 56-64 (2001). 

82. R.D. Astumian and P. Hanggi, Phys. Today 55, 

33-39 (2002). 

83. R.D. Astumian, Design principles of Brownian 
molecular machines: how to swim in molasses 
and walk in a hurricane, Phys. Chem. Phys. 7, 
5067-5083 (2007). 

84. R.D. Astumian, Thermodynamics and kinetics 
of a Brownian motor, Science 276, 917-922 
(1997). 

85. F. Jiilicher, A. Ajdari and J. Prost, Modeling 
molecular motors. Rev. Mod. Phys. 69, 1269- 
1281 (1997). 

86. P. Reimann, Brownian m,otors: noisy transport 
far from equilibrium, Phys. Rep. 361, 57-265 
(2002). 

87. J. Howard, Protein power strokes, Curr. Biol. 
16, R517-R519 (2006). 

88. H. Wang and G. Oster, Ratchets, power strokes 
and molecular motors, Appl. Phys. A 75, 315- 
323 (2002). 

89. G. Oster, Darwin's motors. Nature 417, 25 
(2002). 

3.2 Chemical reactions relevant for 
molecular machines: ATP hydrol- 
ysis 

To understand molecular machines, we also have to 
consider chemical reactions, which most often supply 
the (free-) energy required to drive these machines. 



In other words, in order to understand the mecha- 
nisms of biomolecular machines, it is necessary to un- 
derstand not only how these move in response to the 
mechanical forces but also how these arc affected by 
chemical reactions. In fact, the machines are usually 
enzymes (i.e., catalysts). 

Adenosine triphosphate (ATP) contains three 
phosphate groups as compared to two phosphate 
groups in the adenosine diphosphate (ADP). Hydrol- 
ysis of ATP to ADP releases free energy and, there- 
fore, plays a crucial role in running a wide range of 
chemical processes in a living organism. Therefore, 
ATP is sometimes also referred to as the "energy cur- 
rency" of the cell. 

90. M. Dixon and E.G. Webb, Enzymes (Academic 
Press, 1979). 

91. T.L. Hill, Free energy transduction and bio- 
chemical cycle kinetics, (Dover, 2005). 

92. M. Gohn, Adenosine Triphosphate, in: Ency- 
clopedia of Life Sciences (John Wiley, 2005). 

3.3 General mechano-chemistry of 
moleculcir machines 

From the perspective of (bio-) physics, the mechani- 
cal force required for the directed movement of the 
motors are generated, most often, from the energy 
liberated in chemical reactions, e.g., in ATP hydroly- 
sis. On the other hand, from the perspective of (bio- 
)chemistry, most of the machines are enzymes (i.e., 
proteins which act as catalysts for many chemical 
reactions); the rate of enzymatic reactions, includ- 
ing that of ATP hydrolysis, is strongly influenced by 
external forces. Thus, the mechanisms of molecular 
machines are governed by a nontrivial combination of 
the principles of nano-mechanics and those of chem- 
ical reactions. Therefore, quantitative modeling of 
molecular machines require theoretical formalisms of 
mechano-chemistry or chemo-mechanics. 

93. D. Keller and G. Bustamante, The 
mechanochemistry of molecular motors, 
Biophys. J. 78, 541-556 (2000). 
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94. C. Bustamante, D. Keller and G. Oster, The 
physics of molecular motors, Acc. Chem. Res. 
34, 412-420 (2001). 

95. M. Magnasco, molecular combustion motors, 
Phys. Rev. Lett. 72, 2656-2659 (1994). 

96. J. Xing, H. Wang and G. Oster, From contin- 
uum Fokker-Planck models to discrete kinetic 
models, Biophys. J. 89, 1551-1563 (2005). 

97. H. Wang and T.C. Elston, Mathematical and 
computational methods for studying energy 
transduction in protein motors, J. Stat. Phys. 
128, 35-76 (2007). 

•Effect of force on chemical reactions: force- 
dependence of ATP hydrolysis 

98. S. Khan and M.P. Shcctz, Force effects on bio- 
chemical kinetics, Annu Rev. Biochem. 66, 785- 
805 (1997). 

99. C. Bustamante, Y.R. Chcmla, N.R. Fordo and 
D. Izhaky. Mechanical processes in biochem- 
istry, Annu. Rev. Biochem. 73, 705-748 (2004). 

100. I. Tinoco Jr. and C. Bustamante, The effect of 
force on thermodynamics and kinetics of single 
molecule reactions, Biophys. Chem. 101-102, 
513-533 (2002). 

101. I. Tinoco Jr., P.T.X. Li and C. Bustamante, De- 
termination of thermodynamics and kinetics of 
RNA reactions by force, Quart. Rev. Biophys. 
39, 325-360 (2006). 

• Hydrolysis and phosphorylation 

102. J.L. Eide, A.K. Chakraborty and G.F. Oster, 
Simple models for extracting mechanical work 
from the ATP hydrolysis cycle, Biophys. J. 90, 
4281-4294 (2006). 

103. H. Qian, Phosphorylation energy hypothesis: 
open chemical systems and their biological func- 
tions, Annu. Rev. Phys. Chem. 58, 113-142 
(2007). 



• Efficiency of molecular machines: general 
discussions 

The efEciency of molecular motors can be defined 
in several different ways: while one of the definitions 
is very similar to that of its macroscopic counterpart, 
the other definitions are unique to motors operating 
under different conditions and characterize different 
aspects of its movement. 

Not all molecular motors are designed to pull loads. 
Moreover, in contrast to the macroscopic motors, vis- 
cous drag forces strongly influence the function of 
molecular motors. Therefore, there is a need for a 
generalized definition of efficiency that does not nec- 
essarily require the application of any external load 
force. Such a measure of efficiency, which is different 
from the thermodynamic efficiency defined above, has 
also been suggested; it is called "Stokes efficiency" 
because the viscous drag is calculated from Stokes 
law. 

104. H. Wang, Chemical and mechanical efficiencies 
of molecular motors and implications for mo- 
tor mechanism, J. Phys. Condens. Matter 17, 
S3997-S4014 (2005). 

105. A. Parmeggiani, F. Jiiliclicr, A. Ajdari and J. 
Prost, Energy transduction of isothermal ratch- 
ets: generic aspects and specific examples close 
to and far from equilibrium, Phys. Rev. E 60, 
2127-2140 (1999). 

106. 1. Derenyi, M. Bier and R.D. Astumian, Gen- 
eralized efficiency and its application to micro- 
scopic engines, Phys. Rev. Lett. 83, 903-906 

(1999). 

107. H. Wang and G. Oster, The Stokes efficiency 
for molecular motors and its applications, Eu- 
rophys. Lett. 57, 134-140 (2002). 

• AUosterism and molecular motors 

AUosterism usually refers to the change of con- 
formation around one location of a protein in re- 
sponse to binding of a ligand to another location 
of the same protein. A motor protein has separate 
sites for binding ATP and the track. Therefore, the 
mechanochemical cycle of a motor can be analyzed 
from the perspective of allosterism. 
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108. J.E. Lindsley and J. Ruttcr, Whence com,eth the 
allosterome?, PNAS 103, 10533-10535 (2006). 

109. J. P. Changeux and S.J. Edelstein, Allosteric 
receptors after 30 years, Neuron 21, 959-980 
(1998). 

110. J. P. Changeux and S.J. Edelstein, Allosteric 
mechanisms of signal transduction, Science 
308, 1424-1428 (2005). 

111. D.E. Koshland, Jr. and K. hamadani, Pro- 
teomics and models for enzyme cooperativity, J. 
Biol. Chem. 277, 46841-46844 (2002). 

112. D. Bray and T. Duke, Conformational spread: 

the propagation of allosteric staies in large mul- 
tiprotein complexes, Annu. Rev. Biophys. and 
Biomol. Str. 33, 53-73 (2004). 

113. A. Vologodskii, Energy transformation in bio- 
logical molecular motors, Phys. of Life Rev. 3, 
119-132 (2006). 

114. K. H. Wildman and D. Kern, Dynamic person- 
alities of proteins, Nature 450, 964-972 (2007). 



Part I: Cytoskeletal motors: porters and 
rowers, shuttles and muscles 

The cytoskeleton of an eukaryotic cell maintains its 
architecture. Counterparts of some molecular com- 
ponents of the eukaryotic cytoskeleton have been dis- 
covered recently also in prokaryotic cells. It is a com- 
plex dynamic network that can change in response 
to external or internal signals. The cytoskeleton is 
also responsible for intra-cellular transport of pack- 
aged molecular cargoes as well as for the motility of 
the cell whole. The cytoskeleton plays crucially 
important role also in cell division and development 
of organisms. In this part we focus almost exclusively 
on the motility and contractility driven by molecular 
motors at the sub-cellular level; motor-driven motil- 
ity and contractility of the cell as a whole will be 
taken up in the last part of this article. 



4 Eukaryotic cytoskeleton: 
structure and dynamics 

4.1 Protein constituents of eukaryotic 
cytoskeleton 

The protein constituents of the cytoskeleton of eu- 
karyotic cells can be broadly divided into the follow- 
ing three categories: (i) Filamentous proteins, (ii) ac- 
cessory proteins, and (iii) motor proteins. The three 
classes of filamentous proteins, which form the main 
scaffolding of the cytoskeleton, are: (a) actin, (b) 
microtubule, and (c) intermediate filaments. On the 
basis of functions, accessory proteins can be catego- 
rized as follows: (i) regulators of filament polymer- 
ization, (ii) filament-filament linkers, (iii) filament- 
plasma membrane linkers. Since accessory proteins 
do not play any crucially important role in the oper- 
ation of the cytoskeleton-based molecular machines, 
we shall not consider accessory proteins in this arti- 
cle. 

The three superfamilies of motor proteins are: (i) 
myosin superfamily, (ii) kinesin supcrfamily, and 
(iii) dynein superfamily. Both kinesins and dyneins 
move on microtubules; in contrast, myosins either 
move on actin tracks or pull the actin filaments. 

• Structures of microtubules and actin fila- 
ments 

Microtubules are cylindrical hollow tubes whose 
diameter is approximately 20 nm. The basic con- 
stituent of microtubules are globular proteins called 
tubulin. Hetero-dimers, formed by a and (3 tubulins, 
assemble sequentially to form a protofilament. 13 
such protofilaments form a microtubule. The length 
of each a — (5 dimer is about 8 nm. Since there is 
only one binding site for a motor on each dimeric 
subunit of MT, the minimum step size for kinesins 
and dyneins is 8 nm. 

Although the protofilaments are parallel to each 
other, there is a small offset of about 0.92 nm between 
the dimers of the neighbouring protofilaments. Thus, 
total offset accumulated over a single looping of the 
13 protofilaments is 13 x 0.92 ~ 12nm which is equal 
to the length of three a— (3 dimers joined sequentially. 
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Therefore, the cyUndrical shell of a microtubule can 
be viewed as three helices of monomers. Moreover, 
the asymmetry of the hetero-dimeric building block 
and their parallel hcad-to-tail organization in all the 
protofi-laments gives rise to the polar nature of the 
microtubules. The polarity of a microtubule is such 
an a tubulin is located at its - end and a f3 tubulin 
is located at its + end. 

Filamentous actin are polymers of globular actin 
monomers. Each actin filament can be viewed as 
a double-stranded, right handed helix where each 
strand is a single protofilament consisting of globular 
actin. The two constituent strands arc half staggered 
with respect to each other such that the repeat period 
is 72 nm. 

The spatial organization and function of the cy- 
toskeletons of plants and algae differ significantly 
from those of eukaryotic cells. 
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• MAPs and ARPs 
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4.2 Prokaryotic cytoskeleton 

Unlike eukaryotes, bacteria do not have any obvious 
need for a cytoskeleton. First, their cell walls are 
rigid enough to provide mechanical strength to the 
cell. Second, the size of bacterial cells is so small 
that transportation of cargo by pure diffusion would 
be sufficiently rapid for the survival of the cell. These 
general considerations and the lack of direct evidence 
for cytoskeletal structures in the early experiments 
on prokaryotes led to the common belief that the 
prokaryotic cells lack a cytoskeleton. However, more 
recent experimental evidences strongly indicate the 
existence of bacterial homologs of the filamentous 
proteins in eukaryotic cells. For example, FtsZ is 
a bacterial homolog of tubulin whereas MreB and 
ParM are those of actin. Moreover, GreS (crescentin) 



15 



is considered to be a strong candidate for the bacte- 
rial counterpart of intermediate filaments of eukary- 
otic animal cells. However, so far it has not been pos- 
sible to identify any bacterial homolog of the cukary- 
otic motor proteins. Nevertheless, the existence of 
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6.1 Architectural designs of the 
porters: common features 

All the cytoskeletal motor proteins have a head do- 
main; this domain contains a site for ATP hydrolysis 
and another site for binding to a cytoskeletal fila- 
ment which serves as a track for the motor. Binding 
of ATP to the head alters the affinity of the motor 
for its track. The head domain of the kinesins is the 
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of intermediate size (about 800 amino acids) whereas 
the head of dyneins is very large (more than 4000 
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is the sequence of amino acids in the motor domain. 
The members of a given superfamily exhibit a very 
high level of "sequence homology" in their motor do- 
main. But, the amino acid sequence as well as the 
size, etc. of the other domains differ widely from 
one member to another of the same supcrfamily. All 
kinesin and dyneins have a tail domain which binds 
with the cargo. The tail domain exhibits much more 
diversity than the head domain because of the neces- 
sity that the same motor should be able to recognize 
(and pick up) wide varieties of cargoes. 

Myosins are actin-based motor proteins. Accord- 
ing to the widely accepted nomenclature, myosins are 
classified into families bearing numerical (roman) suf- 
fixes (I, II, etc.). According to the latest stan- 
dardized nomenclature of kinesins, the name of each 
family begins with the word "kinesin" followed by 
an arabic number (1, 2, etc.). Moreover, large sub- 
families are assigned an additional letter {A, B, etc.) 
appended to the familty name. For example, kinesin- 
14A and kinesin-14B refer to two distinct subfamilies 
both of which belong to the family kinesin-14. 

Dyneins are microtubule-based motor proteins. 
Dyneins can be broadly divided into two major 
classes: (i) cytoplasmic dynein, and (ii) axonemal 
dynein. Structural features of these motors is quite 
diflferent from those of kinesins and myosins. 
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6.3 Fundamental questions 

We phrase the questions in such a way that these 
may appear to be directly relevant only for the cy- 
toskeletal motors. But, these can be easily rephrased 
for the other types of motors including, for example, 
those which move on nucleic acid strands. These 
questions are as follows: 

(i) Fuel: What is the fuel that supplies the (free- 
)encrgy input for the motor? The free energy 
released by the hydrolysis of ATP is usually the 
input for cytoskeletal motors. 

(ii) Engine, cycle and transmission: The site on the 
motor, where ATP is hydrolyzed, can be identified as 
its engine. What are the distinct states of the cyclic 
engine in various stages of each cycle? Which step 
of the cycle is responsible for the generation of force 
(or, torque)? How is the structural (conformational) 
change, caused by this force (or torque), amplified 
by the architecture of the motor? In other words, 
how does the trasmission system of the motor work, 
i.e., what are the analogues of the clutch and gear of 
automobiles? 

(iii) Track and traction: Are they filamentous 
tracks static or dynamic, i.e., do the lengths and/or 
orientations of the tracks change with time? What 
is the traction mechanism used by a motor head for 
staying on track? 

(iv) Number of engines and coordination of their 
cycles: The state of oligomcrization of the motor sub- 
units has important functional implications. Major- 
ity of the members of myosin and kinesin superfam- 
ilies are homodimers although monomeric, hetero- 
dimeric and tetrameric kinesins have also been dis- 
covered. Some members of myosin and kinesin su- 
perfamilies are known to self-assemble into higher- 
order structures; the most well known among these 
higher-order structures is the myosin thick filaments 
in muscles which will be described later in the context 
of muscle contraction. What functional advantages 
arise from oligomerization? Are the cycles of the dif- 
ferent engines of a motor coordinated in any manner 
and, if so, how is this coordination maintained? 
(v) Stroke and step sizes: The separation between the 
two successive binding sites on the track is the small- 
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est possible step size of the motor. On the other 
hand, a stroke is a conformational change of the mo- 
tor bound to the track. In general, the stroke size 
need not be equal to the step size. What is the stroke 
size of a givn motor? If the motor covers only a frac- 
tion of the distance to the next binding site by the 
stroke, how does it manage to cover the remaining 
distance? Can the same motor adopt different step 
sizes under different circumstances? 
(vi) Directionality and processivity: Majority of 
myosins are -|- end directed i.e., move towards the 
barbed end of actin filaments. Similarly, majority of 
the kinesins are also + end directed motors whereas 
most of the dyneins are - end directed motor pro- 
teins. What determines the direction of movement, 
i.e., why are some motors +-end directed whereas the 
others are — end directed? Can a motor reverse its 
direction of motion (a) spontaneously, or (b) under 
an opposing (load) force? Do the motors possess re- 
verse gears and is it possible to reverse the direction 
of their movement by utilizing the reverse gear mech- 
anism? What is the minimal change (e.g., mutation) 
required to reverse the direction of motion of a mo- 
tor? 

One of the key features of the dynamics of cy- 
toskeletal motors is their ability to attach to and de- 
tach from the corresponding track. A motor is said to 
be attached to a track if at least one of its heads re- 
mains bound to one of the equispaced motor-binding 
sites on the correspoding track. Moreover, a motor 
can detach completely from its track. 

One can define processivity in three different ways: 

(i) Average number of chemical cycles in between at- 
tachment and the next detachment from the filament; 

(ii) attachment lifetime, i.e., the average time in be- 
tween an attachment and the next detachment of the 
motor from the filament; 

(iii) mean distance spanned by the motor on the fila- 
ment in a single run. 

The first definition is intrinsic to the process aris- 
ing from the mechano- chemical coupling. But, it is 
extremely difficult to measure experimentally. The 
other two quantities, on the other hand, are accesible 
to experimental measurements. 

To translocate processively, a motor may utilize 
one of the two following strategies: 



strategy I: the motor may have more than one 
track-binding domain (oligomeric structure can give 
rise to such a possibility quite naturally). Most of 
the cytoskeletal motors like conventional two-headed 
kinesin use such a strategy. One of the track-binding 
sites remains bound to the track while the other 
searches for its next binding site, 
strategy II: it can use a "clamp-like" device to 
remain attached to the track; opening of the clamp 
will be required before the motor ctachcs from the 
track. Many motors utilize this strategy for moving 
along the corresponding nucleic acid tracks. The 
duty ratio is defined as the average fraction of the 
time that each head spends remaining attached to 
its track during one cycle. The typical duty ratios 
of kinesins and cytoplasmic dynein are at least 1/2 
whereas that of conventional myosin can be as small 
as 0.01. What is the mechanism that decides the 
processivity (or the lack of processivity) and the duty 
ratio of a motor? 

(vii) Stepping pattern of a double-headed motor. 
Does the motor move like an "inchworm" or does 
the stepping appear more like a "hand-over-hand" 
mechanism? Moreover, two types of hand-over-hand 
mechanism are possible: symmetric and asymmetric. 
In the symmetric pattern, the two heads exchange 
positions, but the three-dimensional structure of the 
molecule is preserved at all equivalent positions in 
the cycle. In contrast, in the asymmetric pattern, 
the two heads exchange position, but alternate steps 
differ in some way, e.g., what happens in "limping" 
which involves alternate faster and slower stepping 
phases. Can a motor switch from one track to a 
neighbouring track and, if so, how does it achieve 
that? What prevents a motor from changing lane on 
a multi-lane track? 

(viii) Speed and efficiency: Is the average speed of 
a processive motor determined by the track or the 
motor or fuel or some external control mechanism? 
Recall that the average speed of a car on a high- 
way in sparse traffic can be decided either by the 
smoothness of the highway, or by the model of the 
car (whether it is a Ferrari or a heavy truck), or 
by the quality of the fuel. Similarly, how does the 
molecular constitution of the track and the nature 
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of the motor-track interaction affect the speed of the 
motor? Is the mechano-chemical couphng tight or 
loose? If hydrolysis of ATP provides the input free 
energy, then, how many steps does the motor take for 
every molecule of ATP hydrolyzed, or, equivalently, 
how many ATP molecules are consumed per step 
of the motor? What is the maximum speed it can 
attain? Can an external force applied to a motor 
in the forward direction speed it up? How does the 
speed of the motor depend on the opposing "load" 
force? As the load force increases, the velocity of the 
motor decreases. The magnitude of the load force 
at which the average velocity of the motor vanishes, 
is called the stall force. What happens when the 
load force is increased beyond the stall force? Three 
possible scenarios arc as follows: (i) the motor may 
detach from the track, or (ii) the motor may reverse 
its direction of motion (and move in the direction of 
the load force) (a) without hydrolyzing ATP, or (b) 
hydrolyzing ATP. The force-velocity relation is one 
of the most fundamental characteristic property of 
a motor. What is the most appropriate definition 
of efficiency of the motor and how to estimate that 
efficiency? 

(ix) Regulation and control: How is the operation 
of the motor regulated? For example, how is the 
motor switched on and off? Recall that the speed of 
a car can also be regulated by imposing the some 
speed limit or by traffic signals. Are there molecular 
signals that control the motor's movement on its 
track and how? How does the motor pick up its 
cargo and how does it drop it at the target location? 
How do motors get back to their starting points of 
the processive run after delivering their cargo? 

(x) Motor-motor interactions: How do different 
types of motors interact while moving on the same 
track carrying their cargo? How do different classes 
of motors, which move on different types of tracks, 
coordinate their functions and even transfer or 
exchange their cargoes? 
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6.4 Motility assays 

There are two geometries used for in-vitro motility 
assays: (i) the gliding assay and (ii) the head assay. 
In the gliding assay, the motors themselves are fixed 
to a substrate and the filaments are observed (under 
an optical microscope) as they glide along the motor- 
coated surface. In the bead assay, the filaments are 
fixed to a substrate. Small plastic or glass beads, 
whose diameters are typically of the order of Ijim, 
are coated with the motors. These motors move along 
the fixed filaments carrying the bead as their cargo. 
The movements of the beads are recorded optically. 
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6.6 Kinesin porters 

• Homodimeric conventional kinesin: mem- 
bers of Kinesin- 1 family 

Kinesin- 1, the prototypical kinesin motor consists 
of three major domains: 

(i) The m,otor domain: this domain can be further 
subdivided into the globular catalytic core, the adja- 
cent neck linker and the neck region. The core motor 
domain consists of about 325 amino acids. 

(ii) The stalk which is a a-helical coiled-coil domain. 

(iii) The globular tail domain at the end of the stalk 
which can bind with cargo. 
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7 Intracellular porters: collec- 
tive transport 

In the proceeding section we have considered oper- 
ational mechanisms of processive single cytoskeletal 
motors. Even in multimeric porters, different motor 
domains coordinate in a certain way that leads to the 
processive directed motion of the motor as a whole. 
In this section, we focus on their collective transport 
properties which arise from their coordination, coop- 
eration, competition, etc. ; collective properties of 
rowers will be taken up later. 

The situation envisaged here corresponds to a typ- 
ical bead-assay where the filamentary tracks are fixed 
to a substrate and motors are attached to a micron- 
sized bead (usually made of glass or plastic). The 
movement of the bead in the presence of ATP is mon- 
itored using appropriate optical micropscopic meth- 
ods. In such situations, each bead is likely to be cov- 
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than one motor is also used for transportation of vesi- 
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326. K.C. Vermeulen, G.J.M. Stienen and C.F. 
Schmidt, Cooperative behavior of molecular mo- 
tors, J. Muscle Res. Cell Mot. 23, 71-79 (2002). 

327. R. Mallik and S.P. Gross, Molecular motors: 
strategies to get along, Curr. Biol. 14, R971- 
R982 (2004). 

328. S.P. Gross, M. Vershinin and G.T. Shubeita, 

Cargo transport: two motors are sometimes bet- 
ter than one, Curr. Biol. 17, R478-R486 (2007). 



7.1 Load sharing on fixed MT track: 
single cargo hauled by many ki- 
nesins 

Normally, a vesicle or an organelles can be hauled by 
more than one motor simultaneously. If all the mo- 
tors carrying the cargo are plus-end directed (or, if 
all are minus-end directed) they share the load. In 
order to understand the cooperative effects of such 
multiple motors, in- vitro experiments are easier to 
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relations for such cargoes can be measured using, 
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bidirectional transport of a sin- 
gle cargo hauled by kinesins and 
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It is well known that some motors reverse the direc- 
tion of motion by switching over from one track to 
another which are oriented in anti-parallel fashion. In 
contrast to these types of reversal of direction of mo- 
tion, we consider in this section those reversals where 
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the cargo uses a "tug-of-war" between kinesins and 
dyneins to execute bidirectional motion on the same 
MT track. Several possible functional advantages of 
bidirectional transport have been conjectured. 

Wide varieties of bidirectional cargoes have already 
been identified so far; these include organelles (for 
example, mitochondria) as well as secretaory vesicles 
and even viruses. If motion in one direction domi- 
nates overwhelmingly over the other, it becomes ex- 
tremely difficult to identify the movement unambigu- 
ously as "bidirectional" because of the limitations of 
the spatial and temporal resolutions of the existing 
techniques of imaging. 

The main challenge in this context is to under- 
stand the mechanisms of this bidirectional transport 
and those which control the duration of unidirectional 
movement in between two successive reversals. This 
insight will also be utilized for therapeutic strategies. 
For example, the motor or the motor-cargo link may 
be targeted blocking the virus that hijacks the mo- 
tor transport system to travel towards the nucleus. 
On the other hand, a virus executing bidirectional 
movements can be turned away from the outskirts of 
the nucleus by tilting the balance in favour of the 
kinesins. 

At least three possible mechanisms of bidirectional 
transport have been postulated, (i) One possibility 
is that either only -|- end directed motors or only - 
end directed motors are attached to the cargo at any 
given instant of time. Reversal of the direction of 
movement of the cargo is observed when the attached 
motors are replaced by motors of opposite polarity, 
(ii) The second possible mechanism is the closest to 
the real life "tug-of-war" ; the competion between the 
motors of opposite polarity, which are simultaneously 
attached to the same cargo and tend to walk on the 
same filament generates a net displacement in a di- 
rection that is decided by the stronger side, (iii) The 
third mechanism is based on the concept of regula- 
tion; although motors of opposite polarity are simul- 
taneously attached to the cargo, only one type of mo- 
tors are activated at a time for walking on the track. 
In this mechanism, the reversal of the cargo move- 
ment is caused by the regulator when it disengages 
one type of motor and engages motors of the oppo- 
site polarity. For experimentalists, it is a challenge 



not only to identify the regulator, if such a regulator 
exists, but also to identify the mechanism used by the 
regulator to act as a switch for causing the reversal 
of cargo movement. Dynactin has been identified as 
a possible candidate for the role of such a regulator. 
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8 Processive cytoskeletal mo- 
tors: cross-linkers and sliders 

8.1 Cross- linking and relative sliding 
of two MT filaments by kinesin 
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sider in a later section. 
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8.3 Axonemal dynein and beating of 
fiagella 
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bound to the nucleic acid strand are dislodged by 
a helicase. 

Nucleic acid translocases either move along nu- 
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• DNA transport through eukaryotic nuclear 
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21 Ribosomes and polymeriza- 
tion of polypeptides 

Synthesis of each protein from the corresponding 
messenger RNA (mRNA) template is carried out by 
a ribosome and the process is referred to as trans- 
lation (of genetic code). Ribosome is one of the 
largest and most sophisticated macromlecular ma- 
chines within the cell. Even in the simplest organ- 
isms like single-cell bacteria, a ribosome is composed 
of few rRNA molecules as well as several varieties of 
protein molecules. 



Each ribosome consists of two parts which are 
usually referred to as the large and the small sub- 
units. The small subunits binds with the mRNA 
track and assists in decoding the genetic message en- 
coded by the codons (triplets of nucleotides) on the 
mRNA. But, the actual polymerization of the protein 
(a polypeptide) takes place in the large subunit. The 
operations of these two subunits are coordinated by 
a class of adapter molecules called tRNA. 
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ing the elongation stage, the three major steps in the 



74 



chcmo-mcchanical cycle of a ribosome are as follows: 
In the first, the ribosome selects a aa-tRNA whose 
anticodon is exactly complementary to the codon on 
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ble for the formation of the peptide bond between the 
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aa-tRNA whose anticodon is exactly complementary 
to the codon on the mRNA. 

(ii) it is a peptidyltransf erase that catalyzes the reac- 
tion responsible for the formation of the peptide bond 
between the existing polypeptide and the newly re- 
cruited amino acid resulting in the elongation of the 
polypeptide. 

(iii) it is a conveying machine that, while mov- 
ing along a mRNA chain, passes tRNA molecules 
through itself during elongation. 
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different characteristics. The hnar dimension of a 
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sion both of which are also closely related to changes 
in cell shape. 

34 Machine-driven cell motility 

"From whale sperm to sperm whales, locomotion is 
almost always produced by appendages that oscillate 
or by bodies that undulate, pulse, or undergo peri- 
staltic waves"- M.H. Dickinson et al.. Science 288, 
100 (2000). 



34.1 Cell motility: some general prin- 
ciples 

1708.T.J. Mitchison and L.P. Cramer, Actin-based 
cell motility and cell locomotion, Cell 84, 371- 
379 (1996). 

1709R. Ananthakrishnan and A. Ehrlicher, The 
forces behind cell movement, Int. J. Biol. Sci. 
3, 303-317 (2007). 

1710 A. Mogilner, Mathematics of cell motility: have 
we got its number?, J. Math. Biol. (2008) (in 
press). 

1711A. Upadhyaya and A.v Oudenaarden, 
Biomimetic systems for studying actin-based 
motility, Curr. Biol. 13, R734-R744 (2003). 

1712J.V. Small, I. Kaverina, O. Krylyshkina and 
K. Rottner, Cytoskeleton cross-talk during cell 
motility, FEBS Lett. 452, 96-99 (1999). 



1713C.S. Peskin, CM. Odell and G.F. Oster, Cel- 
lular motions and thermal fluctuations: the 
Brownian ratchet, Biophys. J. 65, 316-324 
(1993). 

34.2 Motility of prokaryotic cells 

Unicellular microorganisms have developed diverse 
molecular mechanisms of locomotion. The actual 
mechanism used by a specific type of organism de- 
pends on the nature of the environment in the natural 
habitat of the organisms. In this section, we consider 
exclusively the prokaryotes. 

If a bacterium lives in a bidk fluid, it's natural 
mode of motility is swimming. In contrast, is a bac- 
terium lives in a thin fluid film close to a solid surface 
(i.e., in a wet surface), gliding should be its mecha- 
nism of movement. Of course, some bacteria may 
be capable of utilizing both these modes of motility. 
However, there are subtleties of swimming and glid- 
ing that an uninitiated reader may not be able to 
anticipate. Moreover, there are mechanisms of motil- 
ity other than swimming and gliding. 

1714K.F. JarreU and M.J. McBride, The surpris- 
ingly diverse ways that prokaryotes move, Nat. 
Rev. Microbiol. 6, 466-476 (2008). 

1715J.G. Mitchell and K. Kogure, Bacterial motil- 
ity: links to the environment and a driving force 
for microbial physics, FEMS Microbiol. Ecol. 
55, 3-16 (2006). 

1716A.J. Merz and K.T. Forest. Bacterial surface 
motility: slime trails, grappling hooks and noz- 
zles, Curr. Biol. 12, R297-R303 (2002). 

1717M.J. McBride, Bacterial gliding motility: mul- 
tiple mechanisms for cell movement over sur- 
faces, Annu. Rev. Microbiol. 55, 49-75 (2001). 

1718R.M. Harshey, Bacterial motility on a surface: 
many ways to a common goal, Annu. Rev. Mi- 
crobiol. 57, 249-273 (2003). 



114 



34.3 Bacterial shape and shape 
changes during motility 

The shapes of bacterial cells depend, at least partly, 
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A large class of singlc-ccU bacteria "swim" in their 
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chemorepellant. Strictly speaking, aerotaxis is a spe- 
cial case of chemotaxis where the motile cells respond 
to a gradient of concentration of the dissolved oxy- 
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